A basic principle of immunology is that prior immunity results in complete protection against a homologous agent. In this study, we show that memory T cells specific to unrelated viruses may alter the host's primary immune response to a second virus. Studies with a panel of heterologous viruses, including lymphocytic choriomeningitis (LCMV), Pichinde (PV), vaccinia (VV), and murine cytomegalo (MCMV) viruses showed that prior immunity with one of these viruses in many cases enhanced clearance of a second unrelated virus early in infection. Such protective immunity was common, but it depended on the virus sequence and was not necessarily reciprocal. Cell transfer studies showed that both CD4 and CD8 T cell populations from LCMV-immune mice were required to transfer protective immunity to naive hosts challenged with PV or VV. In the case of LCMV-immune versus naive mice challenged with VV, there was an enhanced early recruitment of memory phenotype interferon (IFN) ␥ -secreting CD4 ϩ and CD8 ϩ cells into the peritoneal cavity and increased IFN-␥ levels in this initial site of virus replication. Studies with IFN-␥ receptor knockout mice confirmed a role for IFN-␥ in mediating the protective effect by LCMV-immune T cell populations when mice were challenged with VV but not PV. In some virus sequences memory cell populations, although clearing the challenge virus more rapidly, elicited enhanced IFN-␥ -dependent immunopathogenesis in the form of acute fatty necrosis. These results indicate that how a host responds to an infectious agent is a function of its history of previous infections and their influence on the memory T cell pool.
I
t had been previously thought that memory T cells were present at relatively low frequencies and were essentially dormant, but recent studies have shown that, subsequent to infections of mice with lymphocytic choriomeningitis virus (LCMV), 1 Pichinde virus (PV), or vaccinia virus (VV), virus-specific pCTL frequencies (pCTL/f) are maintained at very high levels for the lifetime of the animal (1, 2) . In the well-characterized LCMV model a subpopulation of these memory cells at any given time consists of cytolytically active cycling cells (3) (4) (5) (6) expressing IL-2 receptors (4, 7) and high levels of adhesion molecules (8) (9) (10) . When the immune system is biased by a high frequency of precursors specific for a given virus, some of these T cells originally stimulated by one virus infection will cross-react with and be stimulated by a second heterologous virus (11, 12) . Infections of LCMV-immune mice with PV, VV, or MCMV result in the activation of blast-size, LCMV-specific CTL that are easily detectable in cytotoxicity assays without additional in vitro stimulation (11, 12) . Limiting dilution analyses demonstrated that splenocytes from LCMVimmune mice acutely infected with PV or VV contained many T cell clones cross-reactive between LCMV and PV or between LCMV and VV, whereas T cell clones from nonimmune mice infected with these viruses did not show this cross-reactivity to LCMV (12) . The consequence of this cross-reactive stimulation of memory T cells is that a tants or were purified over sucrose gradients and diluted in PBS. Control naive mice were either left uninjected or injected with tissue culture media or with culture media sedimented like virus over a sucrose gradient, and there was no significant difference in virus titer when any one of these methods was compared with another. The control mice were always age matched to the experimental group and housed under exactly the same pathogenfree conditions as the experimental group for the identical time period. All mice used were healthy with no evidence of any underlying disease.
Intracellular IFN-␥ Staining. Peritoneal cells from individual mice were stained for intracellular IFN-␥ based on a method previously described (23) . Peritoneal cells at 2 ϫ 10 6 per tube were stimulated with PMA (Sigma Chemical Co.) at 50 ng/ml and ionomycin (Sigma Chemical Co.) at 500 ng/ml for 2 h at 37 Њ C. Then brefeldin A (Sigma Chemical Co.) was added at 10 g/ml for 2 h at 37 Њ C enabling intracellular proteins to accumulate. After the cells were washed with FACS ® buffer (PBS with 2% FBS and 0.02% sodium azide) they were incubated with anti-Fc ␥ II receptor antibody (PharMingen, San Diego, CA) as a blocking antibody, for 10 min at 4 Њ C. Then tricolor-conjugated antimouse CD4 (clone CT-CD4; Caltag Laboratories, San Francisco, CA) or CD8 (clone CT-CD8 ␣ ; Caltag Laboratories) was added for 30 min at 4 Њ C. After two washes with FACS ® buffer the cells were fixed with 200 l of 2% paraformaldehyde for 20 min at room temperature. They were then washed with FACS ® buffer containing 0.5% saponin (Sigma Chemical Co.), a permeabilizing agent, and then incubated in this buffer for another 10 min at room temperature before adding PE-conjugated rat anti-mouse anti-IFN-␥ mAb (PharMingen) or control PE-conjugated rat IgG 1 isotype for 30 min at room temperature. They were then washed two more times with FACS ® buffer with saponin and then one time with FACS ® buffer before analysis on either a FACS ® 440 (Becton Dickinson & Co., Sparks, MD) or FACStar ® Plus (Becton Dickinson & Co.). The total number of CD8 ϩ and CD4 ϩ or the total number of CD8 ϩ and CD4 ϩ cells secreting IFN-␥ was determined by multiplying the percentage times the total cell yield from each mouse. The total CD4 ϩ percentages may be an underestimate as these cells tend to downregulate the CD4 ϩ receptor on stimulation with PMA and ionomycin. That was not a problem with the CD8 ϩ cells.
LDA for Virus-specific CTL Precursors. Adult 129/SEV and IFN-␥ receptor knockout mice (IFN-␥ R KO) mice were inoculated intraperitoneally with LCMV, and at the indicated times after infection spleens were harvested. The LCMV-specific precursor frequency (p/f) per CD8 ϩ cell was quantified by LDAs of unsorted cells (12, 24) . The percentage of CD8 ϩ T cells was determined by fluorescent antibody staining and FACS ® analysis, as previously described (12, 24) . The limiting dilution assays used a previously described method (12, 24) . In brief, splenic lymphocytes from infected mice were harvested and titrated in U-bottomed, 96-well plates with 24 replicates at each dilution. They were stimulated with virus-infected PECs (3-4 ϫ 10 4 /well) and supplemented with irradiated splenic feeders (1-2 ϫ 10 5 /well) and growth factors provided by using a 16% culture supernatant from IL-2-secreting, gibbon lymphoma tumor cell line MLA.144 (American Type Culture Collection, Rockville, MD; reference 25). After 4 d, the cultures were fed with 10 4 irradiated, virusinfected PEC.
On days 7-8 of culture, individual wells were split twofold and assayed for cytolytic function on LCMV-infected or uninfected syngeneic target cells (KO) using a modified 51 Cr-release assay. 51 Cr-labeled targets (5 ϫ 10 3 ) were added to all wells, and after an Selin et al.
8-10 h incubation at 37 Њ C the supernatant was harvested. Positive wells were defined as those wells whose 51 Cr-release exceeded the mean spontaneous release by Ͼ 3 standard deviations. All wells that lysed uninfected syngeneic targets were eliminated from the analysis. Frequencies were calculated using 2 analysis according to Taswell (26) on a computer program kindly provided by Dr. Richard Miller (University of Michigan, Ann Arbor, MI).
Cytotoxicity Assays. Cell-mediated cytotoxicity was determined using a standard microcytotoxicity (CTL) assay (19) . Varying numbers of effector leukocytes were plated in triplicate to achieve the desired E/T ratio. 51 Cr-labeled MC57G target cells (5 ϫ 10 3 ), either uninfected or infected with virus, were added to all wells, and after a 6 h incubation at 37 Њ C the supernatant was harvested and counted. Data are expressed as percent specific 51 Crrelease ϭ 100 ϫ ([experimental cpm Ϫ spontaneous cpm]/[maximum release cpm Ϫ spontaneous release cpm]). Lytic units were calculated using exponential fit method (27) provided by software from Proteins International (Rochester Hills, MI). One lytic unit was defined as the number of effector cells required to lyse 5% of a population of 5 ϫ 10 3 targets in a 6 h CTL assay. A low percentage lysis was used for these calculations because some of the samples examined had relatively low levels of killing, and we wished to make quantitative comparisons within a wide range of very low and high CTL activity. The spontaneous release for each target used in these assays was Ͻ 20%.
Adoptive Cell Transfers. C57BL/6 mice were injected intravenously with one spleen equivalent ( ‫ف‬ 5-10 ϫ 10 7 splenocytes) of immunologically naive (nonimmune) leukocytes or LCMVimmune ( Ͼ 6 wk after infection) leukocytes and challenged I.P. with PV (10 6 PFU) or VV (10 6 PFU). In some experiments LCMV-immune leukocytes were treated with anti-CD8 (rat anti-mouse CD8 mAb, clone Lyt 2.43; reference 28) and complement (rabbit serum) to remove CD8 ϩ T cells (29) or with anti-CD4 (rat anti-mouse CD4 mAb, clone GK1.5) and complement (guinea pig serum) to remove CD4 ϩ T cells before transfer. Spleens were harvested, homogenized, and plaque-assayed for virus titer at 3-4 d after infection. The effectiveness of the CD4 ϩ or CD8 ϩ T cell depletion was monitored by staining with antimouse CD4 (clone L3T4 RM4-4; PharMingen) or anti-mouse CD8 (clone CD8a Ly-2(53-6.7); PharMingen; reference 3). FACS ® analyses showed that the CD4 ϩ or CD8 ϩ T cell contamination was Ͻ 2%.
Isolation of Fat Pad Lymphocytes. The infiltrating leukocytes of VV-challenged LCMV-immune mice were isolated from the fat pads by mincing and digesting with collagenase B (200 mg/ml) in MEM media plus 4% BSA for 1 h at 37 Њ C, and then the lymphocytes were separated over Lympholite M (Cedarlane Labs., Hornby, Ontario, Canada) and analyzed.
Virus Titration. The number of PFU was determined by plaque assay using a 10% homogenate of tissue taken from individual mice and 10-fold dilutions of this homogenate on the appropriate cell line, ATCC vero cells for LCMV, PV, VV, and MEF cells for MCMV. Results were expressed as the geometric mean titers, i.e., the arithmetic averages of the logs for four or five separate animals titrated for virus individually plus or minus the SEM. Titers reported are log 10 PFU per whole spleen, liver, and both abdominal fat pads.
Scoring the Level of AFN. The level of acute fatty necrosis was scored visually based on the severity of disease from level 0 to 7. Levels 1 and 2 represent very mild to mild disease with a few white necrotic spots on one or both lower abdominal fat pads; levels 3 and 4 represent mildly moderate and moderate with larger patches of necrosis of the lower abdominal fat pads and extension into the upper left quadrant fat pad around the spleen; and levels 5 and 6 represent moderately severe to severe with very extensive large patches of necrosis on the lower abdominal fat pads and spotty fatty necrosis throughout omental fat pads as well as the splenic fat pad; level 7 represents very severe disease with such severe fatty necrosis that the organs are adherent to each other.
Results
Prior Infection with a Heterologous Virus Induces Protective Immunity to Unrelated Viruses. Table 1 shows viral titration data from experiments in which mice immune to one virus were challenged with any of a panel of heterologous viruses. Prior immunity to LCMV, PV or MCMV resulted in significant 10-300-fold lower VV titers in three major organs (spleen, fat pads, and liver) at 3-5 d after VV infection. Prior immunity to LCMV also resulted in a significant 5-13-fold lower PV titers 3-4 d after PV infection, while immunity to MCMV provided a less dramatic but still significant 2.5-fold decrease in PV titer of the fat pads. Immunity to MCMV resulted in a significant sixfold lower virus titer in the spleen of LCMV-infected mice; immunity to PV lowered the splenic LCMV titer only 2.5-fold (the Armstrong strain of LCMV does not replicate in the liver or fat pad). Immunity to LCMV and PV resulted in a fourand fivefold decrease, respectively, in liver titers in MCMV-infected mice. In contrast, immunity to VV did not significantly lower LCMV, PV, or MCMV titers. Prior immunity to LCMV or PV significantly lowered VV titers over a 2 log 10 range of challenge virus dose (Table 2 ). This protective effect of prior immunity lasted for long periods of time after the original virus infection, as mice either 8 or 29 wk after LCMV infection demonstrated equal efficiency at resisting PV challenge ( Fig. 1 A) as did mice either 6 or 19 wk after MCMV infection challenged with VV ( Fig. 1  B) . These studies suggest that protective immunity between these four heterologous viruses is a common occurrence, but it is not universal to all virus combinations, as there is a selective protective effect dependent on the sequence of virus infections.
These experiments were initially done with standard virus stocks derived from serum-containing tissue culture supernatants but then were performed with purified virus stocks to determine if cross-reactive responses to cellular contaminants or FBS were influencing the results. Impurities such as FBS and cellular debris were removed by purification of the viruses over sucrose gradients, followed by substantial 20-100-fold dilutions in PBS before inoculation of mice. Use of purified and diluted viruses eliminated any anamnestic response to FBS or cellular contaminants. With elispot assays we did detect FBS-specific responses of CD4 ϩ cells to IFN-␥ and IL-4 when inoculations were done with virus prepared in media containing 10% FBS (data not shown), but no such responses were detected when purified or diluted virus preparations were used. For the protective immunity experiments, however, the conventional virus stocks and purified viruses produced similar results, so all the results were pooled for the analyses in Table 1 . It should be further noted that the virus stocks were grown in different cell lines; LCMV was grown in BHK cells, PV was grown in BHK or L929 cells, and VV was grown in NCTC929 cells or L929 cells (11 and 12) . MCMV was derived directly from mouse salivary glands (11) . Also, serum from LCMV-, PV-, and VV-immune mice infected with the unpurified virus stocks did not demonstrate any antibody production against L929 or BHK cell surface molecules by FACS ® analysis (data not shown). All this information makes it highly unlikely that a cellular contaminant influenced the protective immunity.
T Cell Dependence of Heterologous Immunity. Adoptive cell transfer of LCMV-immune splenocytes into naive mice resulted in five-to eightfold more rapid virus clearance in the spleen and fat pads, on VV or PV challenge than in mice adoptively reconstituted with naive splenocytes (Fig.  2) . These results supported the concept that the protective heterologous immunity against acute VV and PV infections was dependent on immune lymphocytes. Depletion of either CD8 ϩ (Fig. 2, A and C) or CD4 ϩ (Fig. 2, B and D) T cells before the cell transfer resulted in a loss of this protective effect, suggesting that both memory T cell types were required. Studies were done to examine whether CD4 ϩ memory T cells were required for reactivation of the 
Mean (Ϯ SEM) Log 10 Change in Challenge Virus Titer* in the Immune versus the Naive Fat Pad ‡ Immunizing virus Challenge virus
Mean (Ϯ SEM) Log 10 Change in Challenge Virus Titer in the Immune versus the Naive Liver ‡ Immunizing virus Challenge virus
Prior immunity to one virus can lower viral titer after infection with a heterologous virus. UND, the titer of MCMV was undetectable in both naive and immunized mice. MCMV titer was detectable in the spleen and fat pad of mice in only one experiment. As these experiments were done over a number of years a new stock of virus was used for the later experiments, and this virus stock cleared very rapidly from the spleens and fat pads of older mice even when using the maximal dose of virus which could be given without being lethal in this time frame. Therefore we only have liver titer data available with these later experiments. *VV, PV, and LCMV were titrated on ATCC vero cell monolayers using 3-, 4-, and 5-d plaque assays, respectively. MCMV was titrated on mouse embryo fibroblasts using a 5-d plaque assay. ‡ Data are presented as average of mean reduction of titers in multiple experiments Ϯ SEM. The number in parentheses represents the number of experiments that were done to derive the mean log 10 decrease in virus titer. There were four to five mice per treatment group. The infection of mice was done as described in Materials and Methods. § The number in parentheses after each challenging virus represents the range of mean log 10 of naive mice challenged with the virus indicated. ʈ Statistically significant difference between naive and immunized groups of mice (two-way Analysis of Variance with replication, P Ͻ 0.0001). ¶ Statistically significant difference between naive and immunized groups of mice (two-way Analysis of Variance, P ϭ 0.02).
LCMV-specific memory CTL in mice challenged acutely with PV. Depletion of CD4 ϩ T cells in vivo by inoculation with anti-CD4 mAb did not have a significant effect on PV-specific CTL induction in PV-infected control or LCMV-immune mice. In LCMV-immune mice challenged with PV, the reactivated LCMV-specific bulk CTL activity (3) in the control group was 6.3 Ϯ 1.4 lytic units (LU; calculated as 5% lysis of 5 ϫ 10 3 targets) per 10 6 splenocytes (n ϭ 18) in bulk assays, but in the CD4 ϩ T celldepleted mice it was dramatically lower, at Ͻ1.2 Ϯ 0.1 LU per 10 6 splenocytes (n ϭ 6). All of these mice were depleted of NK cells with mAb to NK1.1 in order to reduce background cytotoxicity to better resolve the virus-specific killing (12) . These results collectively suggest that CD4 ϩ T cells were required for the heterologous activation of CD8 ϩ CTL and that both CD4 ϩ and CD8 ϩ memory T cells were required for protective immunity.
Requirement of IFN-␥ for Heterologous Immunity to VV.
A property of memory T cells is their ability to produce much higher levels of cytokines than do naive cells after stimulation (14) . Therefore, we hypothesized that a heterologous virus that stimulated memory T cells would elicit a potent IFN-␥ response, a cytokine to which VV is known to be extremely sensitive (17, 30) . Analysis by ELISA assay of IFN-␥ concentrations (Fig. 3 I) in the peritoneal fluid of LCMV-immune mice at day 3 after VV infection (16,115 Ϯ 4,262 pg/ml, n ϭ 12) revealed Ͼ1,074-fold higher titers of IFN-␥ than in uninfected naive mice (Ͻ15 Ϯ 0 pg/ml, n ϭ 8) or LCMV-immune mice (Ͻ15 Ϯ 0 pg/ml, n ϭ 8) and 5.4-fold (2,979 Ϯ 1,039 pg/ml; n ϭ 12; Student's t test, P ϭ 0.007) more than control mice challenged with VV. LCMV-immune mice challenged with PV did not show this enhanced production of IFN-␥ (Fig. 3 II) nor did VVimmune mice challenged with LCMV (data not shown).
We then examined the peritoneal cavity more closely, as this is the site of initial VV replication where the most significant impact on early virus replication could occur. FACS ® staining of PECs resolved a significant 8-and 2.7-fold enhanced recruitment of CD8 ϩ and CD4 ϩ T cells, respectively, in the LCMV-immune versus naive mice 3 d af- ter challenged with VV (Fig. 4, A and B) . Furthermore, the peritoneal T cells in the LCMV-immune mice 3 d after challenge with VV were predominantly of the memory phenotype, CD44 hi . Basing our cutoff value for CD44 hi (FITC-conjugated anti-CD44; PharMingen) at a mean fluorescence of 12.6 units as determined on naive splenocytes, it was found that 92 Ϯ 5% (n ϭ 3) of the peritoneal CD8 ϩ cells and 75 Ϯ 19% (n ϭ 3) of the peritoneal CD4 ϩ cells were CD44 hi memory phenotype. The CD8 ϩ cells had a mean fluorescence of 182 Ϯ 40 and the CD4 ϩ cells had a mean fluorescence of 177 Ϯ 58. These cells were examined for expression of intracellular IFN-␥ after treatment with PMA and ionomycin. There was a significant 10-and 2.7-fold increase in the number of IFN-␥-producing CD8 ϩ and CD4 ϩ T cells, respectively, in LCMV-immune mice versus naive mice challenged with VV (Fig. 4, A and B) .
To further examine whether IFN-␥ was playing a role in the protective effect against heterologous viruses, we initially treated LCMV-immune mice with anti-IFN-␥ antibodies, as previously described (31) . In brief, we gave 0. . Peritoneal cells were harvested from age-matched naive and LCMV-immune C57BL/6 mice challenged with purified VV at day 3 of infection or from LCMV-immune mice challenged with control purified cell supernatant (day 3). The total number of CD8 ϩ and CD4 ϩ cells (cross-hatched bars) and total number of IFN-␥ secreting CD8 ϩ and CD4 ϩ cells (solid bars) was determined as described in Materials and Methods. *Represents a statistically significant difference from the LCMVimmuneϩVV group (P Ͻ 0.01).
To further confirm this observation, we extended these studies into IFN-␥ receptor knockout (IFN-␥R KO) mice. Since the IFN-␥R KO mice were on the 129/SEV background instead of the C57BL/6 background, normal 129/ SEV mice were used as controls (Fig. 5) . The 129/SEV and 129 IFN-␥R KO mice developed equivalent high frequency LCMV-specific memory pCTL, as shown by limiting dilution assays (Fig. 5, A and B) . 129/SEV mice immune to LCMV developed protective heterologous immunity to PV and VV, similar to that in the C57BL/6 mice. However, IFN-␥R KO mice immune to LCMV did not resist VV infection, confirming a role for IFN-␥ in the control of VV by LCMV-induced memory T cells (Fig. 6, A and B) . Similar experiments demonstrated that IFN-␥ was not required for the protective effect against PV (Fig. 6, C and D) , suggesting the possibility that other cytokines or even direct cytotoxicity by the cross-reactive CTL may be effective. A role for cytotoxicity could not be easily addressed in these systems, as cytotoxicity-deficient perforin KO mice develop persistent LCMV infections instead of memory T cell responses (32) .
Heterologous Immunity between Viruses Predisposes a Host to Immunopathogenesis. Substantial evidence has been provided that T cells can not only be mediators of protective immunity, but also of immunopathology (10, (33) (34) (35) (36) (37) . Our studies described below of heterologous immunity between viruses indicate that a previous virus infection may predispose a host to a much more severe disease upon infection with an unrelated heterologous virus. In general accordance with an earlier report (22) , mice immunized with LCMV, unlike naive mice, developed severe immunopathology consisting of extensive acute fat necrosis (AFN) with a cellular infiltrate in visceral fat pads 5-7 d after VV challenge (Fig.  7) . In contrast, prior immunity to PV or MCMV, although protective against VV challenge, did not result in AFN on VV infection. The leukocyte infiltrate within the abdominal fat pads contained 19% Ϯ 7 (SEM; n ϭ 2) CD4 ϩ T cells and 23% Ϯ 5 (SEM; n ϭ 2) CD8 ϩ T cells and mediated CTL activity against both VV-(8 Ϯ 4 lytic units per 10 6 cells; n ϭ 5) and LCMV-(9.4 Ϯ 6.9 lytic units per 10 6 cells; n ϭ 5) infected targets. The CTL activity segregated to the CD8 ϩ T cell population on sorting (data not shown). Therefore, these fat pads contained infiltrates of activated CTL specific not only for VV but also for LCMV. A reactivation of the LCMV-specific memory splenic CTL by VV has previously been documented (11, 12) . Adoptive transfer studies showed that splenocytes from LCMV-immune mice not only provided some protective immunity against VV synthesis, but also induced rather severe acute fatty necrosis (Fig. 8 A) . This immunopathology did not occur in mice lacking IFN-␥ receptors (Fig. 8 B) . Further, LCMVimmune mice acutely infected with VV and treated with anti-IFN-␥ daily had decreased evidence of AFN (level of AFN: LCMV-immune ϩ VV, 4 Ϯ 1.2; LCMV-immune ϩ VV ϩ anti-IFN-␥, 1 Ϯ 0.5; n ϭ 5). As shown above, LCMV-immune mice challenged with VV ( Fig. 3 I) had higher levels of IFN-␥ in the peritoneal fluid than did naive mice challenged with VV. This enhanced IFN-␥ response in immune mice may thus play a role in protective immunity as well as in the induction of immunopathology. In this sequence of viruses the immunological contribution of the LCMV-specific memory cells may result in an overwhelming delayed-type hypersensitivity-like cell-mediated immune response, resulting in enhanced pathogenesis, even though the VV is cleared more rapidly. 
Discussion
Most models for the immune response to viral infections have used infected animals sheltered from other environmental pathogens, a rather unnatural circumstance. In this study, we show that these sheltered mice responded quite differently to infection than did mice previously exposed to other pathogens, as early protective immunity can be mediated by memory T cells generated by a previous heterologous viral infection. Our results would suggest that both memory CD4 ϩ and CD8 ϩ T cells can be reactivated, as both populations were required for the protective immunity to occur in the virus combinations tested. For instance, in LCMV-immune versus a naive host challenged with VV, both memory cell types were recruited early in infection into the peritoneal cavity, the site of virus challenge, and were producing significantly more IFN-␥, a cytokine to which VV is very sensitive (17, 30) . We have not examined the role of memory B cells in this system but clearly memory T cells are required for this type of protective immunity.
Although T cells are generally thought to be highly specific for peptide-MHC complexes, more extensive investigations have shown that a single T cell clone can recognize two unrelated peptide sequences on the same protein, two different proteins of the same virus, and two different proteins from two unrelated viruses (38) (39) (40) . It is not surprising that peptides from a second viral infection could crossreact with and stimulate some of the many clones of T cells comprising the memory pool specific for another virus. We have reported that memory CD8 ϩ T cells can often crossreact between heterologous viruses (12), and such crossreactive T cells may contribute to this more rapid early resistance to a second infection. The T cell repertoire to each new infection would be altered as cross-reactive memory cells join in the response, resembling in some ways the original antigenic sin network of antibody responses to different strains of influenza virus, where primary immunity is boosted not by a homologous but, by a cross-reacting vac- cine of a different influenza virus serotype, and some of the newly formed antibodies react better with the primary virus than with the virus actually eliciting the response (41) . Memory T cells are known to express high levels of adhesion molecules (8) (9) (10) and to be easier to stimulate (13) (14) (15) (16) than naive cells, making them susceptible to low affinity cross-reactive TcR triggering. Some reports have suggested that memory T cells can be stimulated nonspecifically by cytokines (5, 6, 42) , and may be cross-activated by an infection that does not require stimulation through their T cell receptor by cross-reactive viral peptides. However, data from our laboratory suggests that memory T cells do not nonspecifically proliferate in response to an antigen to which there are no cross-reactive TcR epitopes detectable (43) , and our experiments on heterologous immunity between viruses argue on behalf of cross-reactive memory cells rather than nonspecific activation effects, because the specific sequence of virus infections determines if there is any protective immunity. Nevertheless, it is possible there is some as yet unknown selective mechanism for cross-activation of different memory T cell populations. The contribution of memory cells specific for one virus to the natural resistance against another virus is presently not predictable and is not necessarily reciprocal. If the immunodominant memory T cell response to an earlier virus could recognize a cross-reactive determinant on the challenge virus, the challenge virus would find a large pool of memory T cells capable of a rapid response. Should the challenge virus not be recognized by part of the immunodominant memory T cell repertoire, then less of a protective effect may ensue.
Individuals vary considerably in their responses to viral infections, ranging from subclinical to severe. There are many factors that contribute to this variation in responsiveness, including the dose and route of infection, as well as the physiological state and genetic background of the host. In this study, we show that memory T cells specific to unrelated viruses may also contribute to the host's primary response to a second virus. The beneficial effect of these early protective memory T cells is to slow down the spread of infection, much like a natural immune-mediated response, allowing time for more suitable high affinity antigen-specific T and B cell responses to develop. It is reasonable to expect that this level of resistance may be the difference between clinical and subclinical infections or lethal and nonlethal infections. The detrimental immunopathological effect of memory T cells leads us to question whether they may play a role in human infections like with Epstein-Barr virus or varicella-zoster virus that lead to much more severe disease in young adults than in young children, who presumably have a more restricted memory T cell repertoire (44, 45) . Reactivation of memory T cells may also play a role in exacerbation of autoimmune diseases, such as multiple sclerosis or diabetes. For example, in an experimental model for chronic virus-induced CNS autoimmunity, disease may be induced by infection with a virus sharing epitopes with a protein expressed in oligodendrocytes, and this T cell-dependent disease could be exacerbated by a second infection with an unrelated virus (46) . Thus, alterations in acute responses caused by the memory T cell modulations induced by the host's history of prior infections may have the paradoxical effect of producing both beneficial protective heterologous immunity and/or immunopathology.
